Papillomavirus replication in vivo requires the interaction of the virally encoded proteins E1 and E2 with the origin of replication which is localised in the regulatory region (long control region or LCR) of the viral genome. In genital human papillomaviruses (HPVs), the origin overlaps promoter elements of early transcription. In this study, we analysed the replication of HPV18 DNA using the complete LCR containing mutations in transcription regulatory elements. We found that each of the three E2 binding sites proximal to the AT-rich sequence of the origin contributes to the replication rate of DNA, although not identically. In addition, two sequences important for early transcription, an Sp1 binding site and the TATA box, were also found to play a role in replication. In contrast, two AP1 binding sites required for the enhancer-mediated activation of early transcription did not affect the replication, while other upstream sequences in the LCR did contribute to the replication efficiency. Our results indicate that besides a core origin of replication containing an AT-rich sequence and three E2 binding sites, auxiliary elements affect HPV18 DNA replication in the context of the full length LCR, some of which are important for transcription.
INTRODUCTION
Distinct human papillomaviruses (HPVs) infect squamous epithelial cells of the skin, genital tract or oral mucosa. Some of the genital HPVs, defined as 'high risk' viruses, are frequently associated with cervical carcinoma. The lack of an in vitro system for viral propagation has impeded the study of the complete viral cycle. Analysis of infected tissues has led to the observation that replication of the viral genome occurs in different stages following differentiation of the epithelium. In the undifferentiated basal layer, the viral genome first replicates with a moderate amplification level, reaching a low copy number per cell. It is then maintained at a stable copy number in basal cells during several rounds of division. Only at the terminal stages of cell differentiation, a strong amplification of viral DNA occurs by vegetative replication.
Molecular dissection of the papillomaviruses' DNA replication machinery has first been addressed with the bovine papillomavirus 1 (BPV1). It has allowed the identification of the essential elements, which have been later generalised to the replication of human papillomaviruses. DNA replication in vivo requires the binding of two virally encoded proteins, E1 and E2, to an origin of replication contained within the regulatory region (long control region or LCR) of the viral genomes (1) (2) (3) (4) (5) . The BPV1 El protein contains activities known to be involved in DNA synthesis, such as ATP-dependent DNA helicase, and DNA-dependent ATPase (6) (7) (8) . In addition, El interacts with the cellular DNA polymerase a-primase (9, 10) . It specifically binds with low affinity to a palindromic DNA sequence localised within the AT-rich sequence of the replication origin (1, 11) .
The E2 protein is a regulator of viral transcription through its binding, as a dimer, to specific DNA palindromic sites localised in the LCR (12, 13) . The BPV1 E2 can either activate or repress papillomavirus promoters (14) (15) (16) . In genital HPVs, the only demonstrated transcriptional regulation by E2 is the repression of the viral early promoters (17) (18) (19) (20) (21) , although it can also activate transcription when bound upstream of heterologous promoters. The specific DNA binding by E2 is essential for papillomaviruses DNA replication in vivo (22) . The core origin of replication therefore contains in addition to an AT-rich region at least one E2 binding site (BS) (3, 4, 23, 24) . Furthermore, the efficiency of BPV 1 DNA replication has been shown to correlate with the affinity of E2 binding to its cognate sequences in the origin (22) . The BPV1 E2 directly interacts with El (25) (26) (27) , and this interaction leads to enhancement of El binding to its site within the core origin (25, (28) (29) (30) . Hence, part of the role of E2 in BPV1 DNA replication relies on its capacity to tether El to the origin.
In HPV 18, the core origin of replication has recently been mapped to a fragment which spans an AT-rich sequence and three E2 binding sites, E2 BS #1, #2 and #3, in the LCR ( Fig. 1) (4, 23) . This region is also part of the early promoter which directs transcription of the viral transforming genes E6 and E7. Two cis elements crucial for the basal activity of this promoter, the TATA box and an Spl binding site, closely flank the E2 sites #1 and 2 ( Fig. 1) . Binding of E2 to either one or both of thesesites has been shown to repress viral early transcription (17, (31) (32) (33) . Sequences of the core origin of replication extend 70 nucleotides upstream of the E2 BS#2, and contain the E2 BS#3, a YY1 binding site, and a glucocorticoid-responsive element (GRE) (Fig. 1) (34, 35) . Additional binding sites for transcription factors are present in the LCR further upstream of the core origin sequences, notably a cell-specific enhancer which has been shown to play a crucial role in the keratinocyte-specific activation of HPV's early transcription. The precise mechanisms involved in this cell type-specific transcription are not totally understood. It is nevertheless known that the function of the enhancer depends upon two API sites present in the LCR (Fig. 1) , which bind API complexes containing JUN B (36) . In essence the cis elements that control the initiation of viral DNA replication are overlapping with cis elements that control the viral early transcription. In order to study the possible cooperativity or interference between these different elements involved in HPV 18 transcription in the control of its DNA replication, we analysed the replication of the complete LCR, either intact or mutated in various cis elements. Using a quantitative transient replication assay, we found that three E2 binding sites contained within the promoter structure were all important for the replication of the whole LCR, although not to the same degree. Binding sites for cellular transcription factors Spl and TFIID also contributed to an efficient replication, while mutations in the API binding sites did not affect the replication. Using double mutants of the LCR, we showed that multiple E2 molecules cooperated in DNA replication. Replication of deleted LCR indicated that upstream sequences also contribute to efficient replication. Finally, upon deletion of all the surrounding sequences of the LCR, core origin fragments appeared to replicate at a lower rate but independently from the integrity of the Spl binding site, while it was still tightly dependent on E2 binding.
Taken together, our results showed that, besides the core origin sequences containing an AT-rich region and the three E2 binding sites already described, additional sequences of the LCR activate markedly the viral DNA replication. These sequences are either part of the upstream region of the LCR containing the transcriptional enhancer or are more closely linked to the core origin. Among these sequences, binding sites for the cellular transcription factors Sp 1 and TFTTD, which have been shown to play a crucial role in transcription, contributed to efficient DNA replication of HPV 18 as typical accessory elements.
MATERIALS AND METHODS

Plasmid constructions
HPV 18 LCR plasmids. A fragment spanning sequences of the HPV 18 genome from nucleotides 6929 to 119, containing the LCR cloned upstream of the CAT reporter gene has previously been described (17) . The same fragment was cloned into a pUC vector giving rise to the reference ori construct. The various point mutations introduced in the E2 BS #1, 2, 3, in the Spl and API binding sites, and in the TATA box of the LCR have been previously described (17, 32, 36) . The piasmid containing the HPV 18 LCR deleted of its upstream part from nt 7100 to nt 7740 in front of CAT, was described (50) . using the CAT reporter plasmids containing either wild-type or mutated HPV 18 LCR as templates. To obtain Ori I, the sequence of the 5' primer was: TCTAGAGTTTATGCAACCG, the sequence of the 3' primer was: TCTAGATACACCGTTTTCGGTCCC-GACC, and the template was wild-type. For Ori II, the sequence of the 5' primer was: TCTAGATGGGCAGCACATACTAT, the 3' primer was identical to that used for Ori I, the template was wild-type. To obtain Ori III and Ori VI, the sequence of the 5' primer was as for Ori I while the sequence of the 3' primer was: TCTAGACAATCCCGACCGTTTTCG, the template was mutated in E2 BS #l for Ori HI, and mutated in both E2 BS #l and Spl BS for Ori VI. For Ori IV, the 5' primer was the same as for Ori II, the 3' primer was the same as for Ori III, and the template was mutated in E2 BS#l. For Ori V, the 5' primer was identical to that used for Ori I, and the sequence of the 3' primer was: TCTAGAGGTTACTCCCTTTTT, the template was wildtype. All subfragments were cloned into the pGEM 4Z plasmid and their sequence was verified. 
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HPV 18 El and E2 expression vectors.
Both El and E2 proteins of HPV 18 were expressed from a single plasmid, EapCG. This construct contains the whole early region of HPV 18, from nt 119 to 4733, cloned downstream of the CMV promoter in the pCG vector. E2 expression plasmid has already been described (32) , and an E1 expression plasmid was prepared by cloning a fragment containing the El ORF, from nt 838 to 2996, downstream of the CMV promoter in the pCG vector.
Replication assay
For transient replication assay, the cells were cotransfected using the standard calcium phosphate coprecipitation method as described (30) . Either 5 x 10 5 C33 cells or 2 x 10 5 293 cells were cotransfected in 6 cm dishes with 1 ug of the E1/E2 expression plasmid EapCG, and with two plasmids containing an origin of replication (reference and test). The amounts of origin containing plasmids transfected in each assay are indicated in the legend of the figures. Both plasmids were designed to give different length after linearisation. Low molecular weight DNA was extracted from the cells 48 h post transfection by the Hirt procedure (51). Subsequent purification, linearisation, methylation-specific cleavage, fractionation and specific detection of origin-containing low molecular weight DNA were performed as previously described (30) . Briefly, half of the DNA of the transfected plates was digested by Dpnl and a linearising enzyme, BamHl or HindUl and half was loaded on an agarose gel. After migration, the gel was blotted and the membrane was probed with a mix of plamid DNAs containing the reference and test on multiprimed labelled. Quantification of the replicated fragments was performed after scanning of the membranes with a Phosphorlmagor.
RESULTS
A quantitative replication assay for HPV18 DNA
In the present study, we set out to examine the role in DNA replication of binding sites for transcription factors, localised in the whole HPV18 LCR. We used a pBR322-based plasmid containing 1 kb of viral DNA including the whole HPV18 LCR (nt 6930-119), upstream of the CAT reporter gene (Fig. 1) . The various plasmids used for these replication assays have been constructed to study RNA transcription and therefore contain all the sequences necessary and sufficient for efficient tissue specific transcription of the HPV18 P105 early promoter (17) . Transient replication assays were performed in the adenovirus transformed human embryonic epithelial kidney cell line (293) and in a HPV-negative cervical carcinoma derived cell line (C33). Plasmids containing the HPV18 LCR efficiently replicated in the presence of the homologous El and E2 proteins, transiently expressed either from two different vectors or from a single vector which allows the synthesis of both proteins (see Material and Methods). Cells were usually cotransfected with the single E1/E2 expression vector and with plasmids containing either wild-type or mutated HPV 18 LCR (see Material and Methods). Low-molecular-weight DNA was extracted from the cells 48 h post transfection. Linearised replicated molecules resistant to Dpnl digestion were detected by Southern blot hybridisation and quantitated by Phosphorlmagor (Material and Methods). In order to render the replication assays quantitative and independent of experimental variations, we systematically cotransfected a reference plasmid harbouring an intact LCR (reference origin), along with the various mutated LCR (test origin), as described previously for SV40 (37) . Since the reference DNA (a pUC derivative) has a smaller size than the test plasmids, it was possible to monitor separately the replication of both plasmids. It should be noted that for equal amounts of input plasmids the reference plasmid replicated less efficiently than the intact test plasmid. In all experiments, a constant amount of test plasmid was cotransfected with increasing amounts of reference plasmid to create conditions where the test origin has to compete with excess wild-type reference origin. Such a competition frequently amplifies the effect of mutations in cis sequences on replication rates (see for example ref. 38) . A possible explanation for these observations can be as follows. Mutations in origin elements will lower the rate and efficiency of initiations on mutant templates. More rapid and efficient replication of the wild-type template will increase the intranuclear plasmid DNA pool that in turn could saturate the replication machinery. However, increase of the replication of one or the other of the two replicating plasmids was not always accompanied by an apparent decrease of the replication of the other plasmid as shown in the Southern blots of Figures 2-4 . We believe that it reflects the fact that the replication machinery was not saturated by the total replicons produced in the cells in certain experimental conditions (plasmid concentrations and time after transfection), although competitive replication still occurred. Routinely we expressed the replication level of the test plasmid relative to total replication (test plus reference), as a function of increasing reference plasmid.
Contribution of E2 binding sites to the HPV18 DNA replication
Mutations which abolish in vitro binding of HPV18 E2 were introduced by oligonucleotide reconstruction into the three E2 binding sites separately, as previously described (17) . In the relative replication assay, mutation of each E2 binding site of the core origin contained within the total LCR, reduced replication up to 10-fold as compared to the wild-type replication (Fig. 2) . These results indicated that in the context of the whole HPV18 LCR loss of a single E2 binding site localised in the core origin was not compensated by the two remaining sites. We thus concluded that binding of the viral E2 protein to its multiple cognate DNA sequences was not redundant in the process of viral DNA replication. In addition, our quantitative assay revealed that mutation of E2 BS #3 was less deleterious than mutation of E2 BS #1 or #2, as shown in Figure 2 . The E2 binding sites of the core origin thus appeared to contribute differently to the viral DNA replication. Similar conclusions were reached when the quantitative replication assays were performed in the C33 cell line (data not shown). Our results confirmed that the presence of three E2 binding sites in the HPV 18 LCR remains essential for optimal replication despite the presence of surrounding regulatory sequences, although their contribution is not equivalent, as previously been observed with minimal origins (4, 23, 24, 38) . These three E2 binding sites with the intervening AT-rich sequence constitute the previously described core origin of replication, containing sequences necessary for efficient transient replication. 
Involvement of promoter elements in HPV 18 DNA replication
We next investigated the potential role of cellular transcription factors in viral DNA replication using the complete LCR containing point mutations in several transcriptional elements. As mentioned above, the LCR contains, in addition to the E2 binding sites, numerous sites recognised by cellular transcription factors. Some of these are involved in the control of viral early transcription, as has previously been demonstrated by the use of the same mutant LCR (17, 32, 36) . We examined point mutations of the binding sites for Sp 1 (39, 40) , TFIID (17) or AP1(36) (see Fig. 1 ). The promoter elements binding Spl and TFIID, required for early transcription, are located inside and in 3' proximity to the core origin sequences, respectively (see Fig. 1 ). Both API binding sites were found crucial for the enhancer mediated cell-specific activation of early transcription, and are located further upstream of the core origin (Fig. 1) . Mutation of the Spl binding site and of the TATA box similarly reduced the level of DNA replication up to 2-fold, while it was not substantially modified by mutation of the two API binding sites (Fig. 3) . Therefore, binding sites for cellular transcription factors in promoter elements of early transcription, in proximity to the core origin, contribute to the efficiency of viral DNA replication, although less markedly than binding of E2. In contrast, other transcriptional elements such as the API binding sites do not appear to be involved in DNA replication.
Spl and E2 proteins independently affect the viral DNA replication
We examined the functional relationship between Spl and E2, or between multiple E2 proteins in viral DNA replication. For this purpose, we used an LCR containing point mutations in both the Spl binding site and the E2 BS#1 or #3, or an LCR containing point mutations in both E2 BS #1 and #2, or in E2 BS #1, #2 and #3. As shown in Figure 4 , the LCR lacking all three E2 BS of the core origin did not replicate at a detectable level. This latter LCR is the only one which did not replicate even in the absence of a reference origin (data not shown). This result indicated that in the context of the whole LCR, the remaining E2 BS #4, distant from the origin of replication (see Fig. 1 ), was not sufficient to sustain DNA replication, and confirmed that the presence of the E2 binding sites proximal to the AT-rich sequence of the LCR was an absolute prerequisite for replication. Double mutants were systematically more affected than each single mutant separately (compare Fig. 4 with Figs 2 and 3) . Quantification of their relative replication levels revealed that combined mutations in the E2 BS #1 and 2 gave effects clearly more than additive, indicating that there is cooperativity between these E2 sites, as previously noted by others (23, 38) . Effects of combined mutations in the Spl and E2 binding sites #1 or #3 showed that each contributed independently to the strength of the origin. It can thus be postulated that proteins bound to the Spl and E2 binding sites do not cooperatively activate the replication of the complete LCR.
Replication of deleted LCRs
To study further the contribution of sequences in the LCR beside the core origin of replication, we analysed the replication of various subfragments of the LCR in the quantitative assay using conditions described above, i.e. 0.5 fig of test origin with increasing amounts (0.1-2 \ig) of reference origin. We first deleted the whole upstream region of the LCR including the transcriptional enhancer, up to nt 7738 (Fig. 1) . Deletion of this fragment resulted in a 5-fold reduction of replication (Fig. 5A ), indicating that sequences of the LCR located upstream of the core origin also contributed to the efficiency of viral DNA replication. We then studied sequences restricted to core origin subfragments, isolated from the LCR by PCR amplification as described in Materials and Methods and cloned in a pGEM derived plasmid (Fig. 1) . In the relative replication assay described above, only the core subfragment containing three E2 binding sites (Ori I) could efficiently replicate while loss of one E2 BS (Ori II and III) led to no detectable replication of these subfragments (Fig. 5B) , precluding any accurate quantification of their relative replication levels. It therefore appeared that, in contrast to the complete LCR, the isolated core origin containing only two E2 binding sites did not replicate in competition with a reference origin. This striking difference between intact LCR and core origin certainly reflects the presence of auxiliary sequences in the LCR, facilitating its replication and lacking in the shorter fragments. We believe that such auxiliary sequences in the LCR somehow compensate for the loss of an E2 binding site since this loss led to a less drastic decrease of replication with the complete LCR (see Fig. 2 ) than with the isolated core origins (Fig. 5B ) in similar experimental conditions.
Different contributions of E2 and cellular transcription factors to the replication of minimal origins
The Ori II and Ori III core origin subfragments containing two E2 binding sites (Fig. I) did not replicate in the conditions of competitive replication described above (Fig. 5B) . However, by lowering the amount of reference origin to 20 ng and increasing the amount of test plasmid to 2.5 u:g, the relative replication of Ori II and Ori III could be increased to an approximate level of 50-60% (Fig. 6) . In order to give a better electrophoretic separation between test and reference plasmids, we used the wild-type LCR cloned into a CAT reporter plasmid as a reference. Under these experimental conditions of a 100-fold excess of test over reference origins, the origin containing three E2 BS (Ori I) almost totally precluded replication of the reference origin, leading to a relative replication level close to 100% which reflects saturation. This saturated level of replication of Ori I led to underestimated values for subsequent loss of one or two E2 binding site(s) in the origin. For example, the loss of one E2 binding site only led to a 2-fold drop between the relative replication levels of Ori I and Ori II (55%) or Ori III (50 %). Loss of one additional E2 site further altered the replication (relative replication levels 15.7 and 9% for Ori IV and V, respectively). These results confirmed that the number of E2 BS constitutes a crucial determinant of the replication efficiency, for isolated core origin subfragments, as described above for the whole LCR ( Figs  2 and 4 ). Similar observations have been previously reported by others using minimal origins (23, 24) . Since the isolated core origin subfragments appeared extremely sensitive to the loss of a single E2 binding site, we analysed the participation of the Spl binding site in the replication process in such a minimal context. We addressed the role of Sp 1 with the Ori VI subfragment, a derivative of the Ori III subfragment harbouring a mutated Sp 1 site as depicted in Figure 1 . Ori VI contains the same point mutations than those described above in the complete LCR. As shown in Figure 6 , mutation of this site did not significantly decrease the replication efficiency of the core origin subfragment. The Spl binding site did not seem to contribute to the replication of a minimal core origin, in contrast to what was observed with the whole LCR. We concluded from these experiments that the Spl binding site, included in the core origin, behaves as a typical accessory element in replication, which modulates the viral DNA replication specifically in the context of the whole LCR. This is in contrast to the pivotal role of E2, which is required for the replication of the whole LCR as well as of minimal origins.
DISCUSSION
In the present paper we have set up a modified transient replication assay for HPV 18 DNA that allowed reproducibility between experiments and precise quantification of the replication rate of various DNAs. We used this improved assay to examine the role of sequences of the complete viral regulatory region that were known to activate early genes transcription. Papillomavirus DNA replication has first been studied with BPV1, and these studies have led to the definition of the essential elements for viral DNA replication that include expression of the two virally encoded proteins El and E2 and cis elements containing binding sites for these two proteins (1, 2, 22) . Studies of HPV 18 DNA replication have allowed the definition of a core origin containing three E2 binding sites surrounding an AT-rich region (23) . In the present work, we extended these observations by precisely quantifying the contribution of each E2 binding site of the HPV 18 origin and defining additional sequences that play typical accessory regulatory functions in the replication of the HPV 18 complete regulatory region.
Requirement for three E2 binding sites
In our improved assay, the effects of mutations in the LCR were amplified using a cotransfected wild-type LCR as reference origin, due to plasmid competition for replication proteins. The replication efficiencies of the various test plasmids were deduced from their capacity to compete with the reference plasmid. In the absence of competitor origin, all mutated LCRs still replicated at appreciable levels, except those containing mutations in the three E2 sites of the core origin. Nevertheless, we feel that this relative replication assay reflects a physiological situation encountered during viral infection, in the course of which multiple viral genomes have to replicate in a single cell. Competition between viral genomes for replication factors then naturally occurs, and genomes which contain mutations affecting their replication efficiency should be eliminated or integrated during this process.
The E2 protein is a viral transcriptional modulator, which regulates transcription through binding to palindromic cognate DNA sequences (12, 13) . Specific binding of E2 to DNA is also required for DNA replication (22, 23) along with binding of the replication factor El (1, 7, 8, 11) . However, in contrast to BPV1, HPV 18 replication requires more than one E2 binding site in the core origin. E2 binding to three sites appears necessary to reach the maximal level of HPV 18 replication (23, 24) . This point was confirmed in the present study using the whole LCR mutated in each of the E2 binding sites indicating in addition that only three out of the four E2 binding sites of the regulatory region were used for replication. In our study, we found that each E2 binding site participated to the strength of the replication with some cooperativity between them. This requirement of E2 binding to multiple sites for efficient replication could reflect specific characteristics of the interactions between the HPV18 E2 and El proteins. For example, multimeric forms of E2 bound at the origin could complex El more efficiently than one E2 dimer bound to a single site.
Involvement of cellular transcription elements
In all papillomaviruses, the core origin of replication overlaps sequences of the early promoter (Fig. 1) . We demonstrated that the binding sites for the transcription factors Spl and TFIID, located inside (Spl BS) or in close proximity of (TATA box) the core origin sequences, contributed to efficient viral DNA replication. In a recent publication, Russel and Botchan reported a negative effect of mutation of the corresponding sites in the HPV11 origin of replication, analysed by linker scan substitution (38) . The Spl binding site and the TATA box have been shown to play a crucial role in early transcription (18, (39) (40) (41) . We can exclude however that the role of Spl and TFIID in replication is mediated through activation of early transcription, since binding of E2 to BS#1 and #2, absolutely required for replication, has been shown to repress early transcription (17, 18) . In addition, E2 binding to BS #2 excludes Spl from its site, precluding its action on transcription (32, 33, 42) . These observations suggest that viral early transcription and DNA replication are uncoupled, and even are likely to be exclusive during the viral cycle. The opposite regulation of these two processes by E2 suggests that the repressidn of transcription of the transforming genes is concomitant with viral DNA replication. In this respect, the fact that DNA replication and early transcription antagonise each other could be correlated with the lack of viral genome amplification and the activation of the early transforming genes observed in lesions associated with HPV 18. Conversely, during the viral DNA replication, since E2 binding excludes Spl and TBP, it appears probable that these two cellular elements are not required at the same stage as E2. Binding of cellular factors to the origin, preceding binding of E2, might modify the chromatin structure to render it more accessible to specific replication factors.
The results obtained with minimal core origins were somewhat different. While the E2 sites remained absolutely essential, the positive effect exerted by the Spl site was lost. Cellular factors) binding the Spl site thus appear to function as an auxiliary element, positively modulating DNA replication in the context of the intact LCR but dispensable in a minimal origin. As the TATA box is not comprised into the core origin sequences, its effect was not addressed in such minimal context. One could postulate that transient binding of Spl, and TFIID, in the LCR in close proximity to or within the core origin sequences may modify the chromatin structure, increasing the accessibility of the origin to viral and/or cellular replication factors. A similar function of Spl in activation of basal early transcription has previously been suggested (32) , while E2 alone has also been shown to perform this specific function in viral DNA replication (43) . One can thus postulate that Spl and TFIID would participate in the modification of the local chromatin structure along with E2 in the context of the complete LCR, while E2 could do it alone with the minimal origin.
Involvement of upstream sequences: a possible role for the transcriptional enhancer?
We detected a positive modulation of HPV 18 DNA replication by additional sequences, located upstream of the core origin in the LCR. These sequences contain the cell-specific enhancer which activates early transcription specifically in human keratinocytes. Nevertheless, the upstream elements that control viral DNA replication are not necessarily those required for the control of early transcription. For example, while the API binding sites, one of which is included in the enhancer, have been shown to be crucial for the enhancer mediated transcriptional activation, we have shown here that their mutation did not affect replication efficiency. This observation could be correlated with the fact that HPV 18 DNA replication does not appear to be restricted to specific cell types, in contrast to early transcription. For example, HPV replication efficiently takes place in cell lines like 293, where the enhancer cannot activate early transcription, as shown in this and other studies (4, 23) . By contrast, in the cervical carcinoma C33 cell line, while early transcription has been shown to be very efficient, HPV DNA replicated rather poorly. Other known cis elements, distal from the core origin, may be involved in the modulation of viral DNA replication, as for example the NF1 binding sites which are localised in the enhancer but do not seem to be required for activation of early transcription (40) .
Role of auxiliary elements in HPV18 DNA replication
Our studies clearly demonstrated that, besides the HPV 18 core origin, auxiliary elements also participate in DNA replication as modulators, and correlate in some instances with transcriptionaJ elements of the LCR. A similar organisation of a core origin with auxiliary elements has been described in other papovaviruses, like SV40 or polyomavirus. DNA replication of these viruses requires the binding to the core origin of the virally encoded T Ag, which is also involved in the control of viral transcription. However, the stimulation of DNA replication by the auxiliary elements of SV40 and polyomavirus replication is markedly greater than that observed for HPVI8 in the present study (up to 100-and 1000-fold for SV40 and polyomavirus, respectively, while it is only of 5-fold at best for HPV18) (44, 45) . The auxiliary elements of replication are also commonly involved in the control of viral transcription. In polyomavirus, the transcriptional enhancer is an important auxiliary element, and binding of the API factor to this enhancer is required for activation of both early transcription and DNA replication in contrast to HPV 18 (46, 47) . Moreover, both processes in studies involving polyomavirus show identical cell specificity.
The weak dependence of HPV 18 replication on auxiliary elements may be due to the crucial role of E2. It is probable that E2 bound to the core origin, in addition to its interaction with El, is also able to supply a function similar to that brought by transcription factors bound to auxiliary elements in SV40 and polyomavirus origins of replication. Mechanisms involving the transactivation domains of transcription factors in replication are multiple: they have been shown to perturb the local chromatin structure at the origin, as it was proposed for the NF1-mediated activation of SV40 replication (48), or to target several cellular replication factors to the origin through specific interactions (49) . The BPV1 E2 has been shown to exhibit both properties. It alleviates the nucleosome-mediated repression of DNA replication in vitro (43) and can interact with the cellular replication protein A (49) . Whether similar properties can be assigned to the HPV E2s remains to be determined.
